Mass spectrometry (MS) imaging provides spatial and molecular information for a wide range of compounds. This tool can be used to investigate metabolic changes in plant physiology and environmental interactions. A major challenge in our study was to prepare tissue sections that were compatible with high spatial resolution analysis and therefore dedicated sample preparation protocols were established and optimized for the physicochemical properties of all major plant organs. We combined high spatial resolution (5 µm), in order to detect cellular features, and high mass accuracy (<2 ppm root mean square error), for molecular specificity. Mass spectrometry imaging experiments were performed in positive and negative ion mode. Changes in metabolite patterns during plant development were investigated for germination of oilseed rape. The detailed localization of more than 90 compounds allowed assignment to metabolic processes and indicated possible functions in plant tissues. The 'untargeted' nature of MS imaging allows the detection of marker compounds for the physiological status, as demonstrated for plant-pathogen interactions. Our images show excellent correlation with optical/histological examination. In contrast to previous MS imaging studies of plants, we present a complete workflow that covers multiple species, such as oilseed rape, wheat seed and rice. In addition, different major plant organs and a wide variety of compound classes were analyzed. Thus, our method could be used to develop a plant metabolite atlas as a reference to investigate systemic and local effects of pathogen infection or environmental stress.
Introduction
Plants are major suppliers of food and natural resources used in pharmaceuticals, cosmetics, and fine chemicals. As sessile organisms, plants cannot escape their environment, instead ( progressive) acclimatization by specific metabolic adjustments is the only response to changing conditions. 1 This resulted in a complex metabolism with over 200 000 known primary and secondary metabolites. 2 As part of the 'omics' field, metabolic studies have been applied to a wide spectrum of topics in plant science. These include basic research in model plants such as Arabidopsis to discover fundamental biosynthetic processes and metabolic networks 3 as well as applied research in crop plants such as wheat (Triticum aestivum) and oilseed rape (Brassica napus) to uncover biochemical mechanisms behind complex agronomical traits and phenotypes. 4 Important current issues in crop plant research are developmental plasticity, 5 and responses to abiotic 6 and biotic stress. 7 In contrast to genes, metabolites are the end products of cellular processes and therefore, can serve as direct signatures of biochemical activity. 8 Metabolomics studies are typically based on mass spectrometry (MS), hyphenated with techniques such as gas and liquid chromatography, covering an extensive variety of compound classes and concentration ranges. In these studies, usually homogenized samples are used, resulting in a loss of spatial information. On the other hand, visualization has become an important topic in plant science, because detailed knowledge on metabolite distributions in plants is fundamental for the understanding of local regulatory networks, which underlay selected traits. 9 Visualization is usually achieved by fluorescence microscopy, in situ hybridization or immunohistochemistry, 10 techniques which provide high spatial resolution, but chemical information is typically limited to very few compounds per experiment. Mass spectrometry (MS) imaging combines spatial information and molecular information for a wide range of compounds. This method can, therefore, complement the classical approaches of metabolomics studies and microscopic methods. MS imaging is the method of scanning a sample of interest and generating images of the intensity distribution of analyte ions. In contrast to classical histochemical methods, MS imaging is a label free technique and thus, can be used without prior knowledge of the analyte. Due to this untargeted nature, hundreds of compounds can be detected simultaneously. While numerous studies have been published in the field of clinical research, plant research is a relatively new application of MS imaging which, however, offers important advantages for the detailed investigation of metabolites from complex plant tissues. 7, 11 The first studies using MALDI imaging on plants analyzed the distribution of agrochemical compounds in soya bean (Glycine max) 12 and carbohydrates in wheat (Triticum aestivum) stem. 13 Subsequent studies included applications on rice (Oryza sativa) seeds, 14, 15 flowers and roots of the model plant
Arabidopsis thaliana [16] [17] [18] [19] and barley (Hordeum vulgare) seeds. 20 However, most MS imaging studies in plants were performed with MALDI-TOF instruments, which provide lower mass resolution data, possibly leading to ambiguous results. Only recently, high mass resolution orbital trapping mass analyzers were applied. 16, [21] [22] [23] [24] A pixel size of 25 µm 25, 26 and 5 µm 27 was obtained in selected experiments, but most studies were performed at 100 to 200 µm spatial resolution. A related method is laser desorption ionization (LDI) which was used for the analysis of plant tissue with a TOF mass spectrometer at a 10 µm pixel size. 28 This approach does not require any matrix application, but is limited to compounds with UV-absorbing functional groups. We have introduced a MS imaging method that combines for the first time high selectivity (1 ppm mass accuracy) and high spatial resolution (3 to 10 µm pixel size) in one experiment. 29 This results in a significantly improved reliability of compound identification and provides molecular information on a cellular level. This technique was initially developed for mammalian tissues, 30 Previous MS imaging studies of plants were limited to a selected organ in a particular species and typically focused on a certain class of compounds. In this publication we present new developments in MS imaging of plant tissues that enable a comprehensive investigation of the plant metabolome. These developments include the first MS imaging experiments at a 5 µm pixel size which reveal the detailed structure of metabolites in plant organs. We were able to image a wide range of compound classes including different phenolic compounds, phospholipids and other lipid species, carbohydrates, phenolic choline esters, glycosides, and glycerides in mature and germinating oilseed rape. These data probably represent the most comprehensive spatially resolved information about metabolites in plants, so far.
To establish a plant metabolome atlas, it is necessary to analyze all relevant plant organs and to cover different plant species. This primarily concerns the development of dedicated sample preparation techniques. In plants, different organs and tissues are specialized and modified for specific functions. Thus sample preparation techniques need to be designed according to the different plant organs and (metabolic) stages. Consequently, we also present developments in MS imaging, which concern sectioning procedures that were optimized for high spatial resolution analysis in a variety of tissues with specific physicochemical properties.
The methodological approach and obtained information of MS imaging is discussed in detail in a case study comparing the mature and germinating seeds of oilseed rape (section 2.1). Subsequently additional plant species and organs are discussed. This includes experiments in negative ion mode and with a 5 µm pixel size for wheat seed (section 2.2). Sample preparation is the focus for wheat rachis (section 2.3), wheat stem base (section 2.4) and rice root (section 2.5). Finally, we have provided an example in which a wheat seed infected by the fungal pathogen, Fusarium graminearum, is compared to an uninfected seed and cultured fungal mycelium (section 2.6). Details of the experimental procedure for each experiment, particularly sample preparation, are discussed in the Experimental section (section 3).
In the Conclusions section (section 4) we have included measurements of additional plant organs (distal root, leaf and stem). We also discuss the idea of how our MS imaging approach could be used to build up an atlas of the plant metabolome as a reference to detect the systemic and local metabolic changes.
Results and discussion

Mapping of metabolic processes in seed development
Maturity and germination are metabolically highly active stages during the development with significant implications for subsequent plant performance 34, 35 and nutritional quality of seed products. 36 Therefore, these stages were chosen to establish high resolution MS imaging as a tool for mapping metabolites. Seeds of oilseed rape are 2-3 mm in diameter, which makes direct cryosectioning challenging. Therefore, cellulose (CMC) carboxymethyl cellulose solution was used as an embedding material as described in the Experimental section. The optical images of both the stages (Fig. 1a and b) can be directly correlated to the respective ion images (Fig. 1c, e, d and f) . A mass spectrum acquired from a single 10 µm pixel in the shoot apical meristem region of a germinating seed is shown in Fig. 1g . The exact location of this pixel and the zoomed-in mass spectrum are provided in ESI, Fig. S1 . † Additional single 10 µm spectra from cotyledon vasculature, nucellar tissue (putative), seed coat, and emerging radicle are shown in the ESI, Fig. S2-S5 . † Several compounds such as sinapine, methyl sinapate, cyclic spermidine conjugate, triacylglycerols and phosphatidylcholines were detected. These compounds were identified based on accurate mass measurements. For example, sinapine (choline ester of sinapic acid) was detected with a mass error of −0.83 ppm (Fig. 1g ) and the corresponding image is shown in Fig. 1c (blue) . The root mean square error (RMSE), calculated from 52 523 spectra over the full image, was 1.0 ppm. The mass accuracy was better than 2 ppm for all compounds assigned in this article.
This demonstrated a reliable detection of compounds also under imaging conditions. Using high resolution and high mass accuracy, it is possible to generate MS images with a narrow bin width of Δm/z = ±5 ppm, thus preventing interference from the neighboring peaks (an example is discussed for the MS imaging on a wheat seed). This bin width was used for all MS images presented in this study. A list of 93 com- Table S1 † corresponds to the index numbers in Fig. S6 and S7. † For example, the MS images of sinapine (compound no. 1) are shown in Fig. S6 .1 and S7.1. † These images are selected ion images of a single compound (allowing visualization of pixels with lower signal intensities), in contrast to the combined RGB images in Fig. 1 .
The compound identification can be further assisted by ontissue MS/MS experiments as demonstrated for sinapine in Fig. 1h , showing the single pixel on-tissue tandem mass spectrum. The fragment ion at m/z 251 corresponds to a loss of trimethylamine from the choline group. Additional fragment ions can be attributed to the sequential loss of C 2 H 4 O (m/z 207), CH 3 OH (m/z 175) and CO (m/z 147). All fragment ions were detected with a mass error of less than 1 ppm. This fragmentation pattern is also in accordance with electrospraybased MS/MS data, 37 thus confirming the initial identification which was based on accurate mass data.
In the mature seed, sinapine was distributed throughout the entire embryo (Fig. 1d, blue) which consists of the cotyledons and the hypocotyl-radicle region (Fig. 1b) . This broad distribution of sinapine was found to persist during the early germination (Fig. 1c, blue) . In contrast, a cyclic spermidine conjugate showed a distinct distribution in the hypocotylradicle region in the mature seed (Fig. 1d , red, appears magenta due to overlay with sinapine in blue), and in the germinating seed their activities shifted to the emerging radicle (Fig. 1c, red) . This demonstrates that MS imaging is able to detect shifts in metabolite distribution at different developmental stages. Since a second spermidine conjugate, the N1,N5,N10-tricaffeoyl spermidine, showed a similar spatial distribution ( Fig. S6.28 and Fig. S7 .28 †), our results suggest that spermidine conjugates play a role in the development of the hypocotylradicle, which later differentiates into the plant root and stem (a more detailed discussion is given in the ESI, Notes S1 †).
The distribution of the compounds mentioned above corresponds very well to the hitherto only tissue-specific metabolite mapping in oilseed rape, carried out by combining laser microdissection and HPLC-DAD/MS. 38 This demonstrates both the ability of MS imaging to confirm the findings from alternative techniques and to significantly provide more details on spatial distributions. The approach applied by Fang et al.
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allowed differentiating between inner and outer cotyledon in the mature seed. MS imaging at high spatial resolution, however, enabled association of metabolites with more detailed morphological features. For instance, sinapoyl glucose, previously identified in a bulk analysis of oilseed rape, 39 was mapped at both the seed developmental stages to a thin layer between the two cotyledons ( Fig. 1c and d , green). This region corresponds to the adaxial (upper) cotyledon epidermis which also contained different kaempferol derivatives ( Fig. S6 .30-6.33 and S71.30-7.33 †). Therefore, these compounds might contribute to the epidermal shield against various abiotic stress factors such as UV-B radiation. 40, 41 In contrast, the choline ester 'UC#1' was mapped at both seed stages to the outer layer of cotyledons, representing the abaxial (lower) cotyledon epidermis ( Fig. 1e and f, blue). UC#1 belongs to a group of 'unknown' choline esters which were initially detected in mature oilseed rape. 42, 43 The possibility to map compounds even in the epidermis layers makes MS imaging an interesting tool to examine metabolomic processes. Feruloylcholine guaiacyl (FC(4-O-8′)G) was distributed throughout the mature embryo (Fig. 1f, green ), but demonstrated different and more specific accumulations in the germinating embryo, i.e. in the parenchyma layer of the emerging hypocotyl and shoot apical meristem (Fig. 1e, green) . The general presence of feruloylcholine FC(4-O-8′)-guaiacyl in oilseed rape has previously been reported. 42 MS imaging is a direct analysis, which does not require preliminary extraction to detect a wide range of compound classes from a single tissue section. In fact, the obtained results were in agreement with other untargeted hyphenated-MS techniques which used extraction of the whole seed 42, 43 or more specific analysis including laser microdissection and HPLC-DAD/MS. 38 The high-resolution images generated by our MS imaging method provide much more detailed spatial distributions, which enable elucidation of biological metabolite functions. This data can be used to investigate metabolomic networks. An example is the sinapate ester metabolism presented in Fig. 2 , S8 and S9, † which is relevant for oil production. 44 In this pathway not only abundant metabolites such as sinapine, coumaric acid and kaempferol compounds were mapped, but also less abundant compounds such as methyl sinapate with unknown functions. So far, methyl sinapate has rarely been reported. 42, 45 MS imaging has located this compound in the entire mature embryo as well as in the outer cotyledon, hypocotyl and radicle in the germination stage ( Fig. 2) . Since the biological function of methyl sinapate is still unknown, it was interesting to find them remarkably enriched in the central apical shoot meristem ( Fig. 2) , indicating a possible function in the developing hypocotyl. More details on sinapine esters and kaempferol glycosides are shown in the ESI, Notes S2. †
Wheat seed
Wheat seeds at the soft dough stage of maturity are physiologically mature, but still characterized by rapid accumulation of starch and nutrients. 46 In contrast to oilseed rape, wheat seeds (dough stage) have higher moisture content (about 40%), but are still elastic compared to the later stages, such as the postharvest state, which has been analyzed for oilseed rape. The size and the shape of the wheat seed allowed direct mounting in the cryomicrotome without embedding. This allows tissue section preparation by direct cryosectioning. The optical image (Fig. 3a) from a transverse section of the germ-region (embryo) can be directly correlated to MS images (Fig. 3b) . In addition to sample preparation, spatial resolution and mass resolution are central parameters for generating high-quality images in untargeted metabolite screening. An important reason is the lack of chromatographic separation, which makes analyte assignments in MS imaging more complicated compared to metabolomic analysis based on GC/MS or LC/MS. 16 We combined high mass resolution (which allows generating images with a narrow m/z bin width of ±5 ppm) with high spatial resolution (5 µm pixel size). This enabled us to represent the grain architecture with a reliable assignment of imaged metabolites to their respective in situ locations. For example, it was possible to demonstrate the specific location of a polyphenol glycoside in the protection sheath coleoptile/coleorhizae (Fig. 3b, green) , suggesting a function in protecting the emerging shoot, plumules and/or radicle against UV-B radiation, pathogens or herbivores. 47 In addition, a phosphatidylcholine, PC(36:4), was specifically located in the scutellum (Fig. 3b,  blue) , while a phosphatidylglycerol, PG(38:2), was restricted to the pericarp-seed coat region (Fig. 3b, red) . PG membrane lipids are vital for normal embryo development as they are involved in formation of chloroplast thylakoid membranes, which are the primary site of photosynthesis. 48 By contrast, a high mass resolution (±5 ppm) combined with a low spatial resolution results in a loss of spatial information (Fig. 3c) , which shows the same measurement with a recalculated pixel size of 50 µm. A critical loss of information is also observed using a bin width of 0.1, typically used for MALDI-TOF imaging experiments. Here, the low mass resolution affects the image generation due to the interference of the neighboring peaks (Fig. 3d) . Consequently, a combination of high mass resolution with high spatial resolution is needed to resolve the complexity of metabolites in plant tissue sections. Negative ion mode measurements provide a possibility to obtain complementary information on identification of the compounds. A section of the wheat germ similar to Fig. 3a was scanned in negative ion mode (Fig. 4a) . For example, the polyphenol glycoside in Fig. 3b (green) was confirmed to have the same spatial distribution in negative ion mode (Fig. 4b, green) . Similar distribution of additional polyphenol glycosides is demonstrated by comparing positive and negative ion measurements (Fig. S10 †) . Moreover, the negative mode experiment enables imaging of additional compound classes such as a phosphatidylinositol [PI(34:2)-H] − located in the scutellum and endosperm of the wheat seed (Fig. 4b, red) . PI is a key membrane constituent and an important participant in signaling processes in seed and vegetative tissue, 49, 50 responsible for normal plant growth, stress response and seed germination.
51,52
Wheat spike rachis
The rachis is the primary axis of a cereal spike, which bears the spikelets containing flowers. The spike rachis consists of low-density tissues, resulting in floating of the specimen in CMC solution (used for oilseed rape, Fig. 1 ). Therefore, an alternative embedding material, a paste of 15% (w/v) tragacanth gum in water was employed. 53 The rachis is not only responsible for the translocation of assimilates into florets and developing seeds, 54 but also the passage for systemic inflorescence colonization by fungal pathogens such as Fusarium graminearum in wheat 55 or Aspergillus flavus in maize. 56 Although recent studies have demonstrated the potential of the rachis as an effective defense structure, the molecular and cellular processes behind these defenses are still unknown. 56, 57 The optical image of a transverse rachis section (Fig. 5a) correlates well with the MS image. The MS image shows a polyphenol glycoside located in the epidermis (Fig. 5b, green) and two further metabolites, a lysophosphatidylcholine (Fig. 5b , blue) and a pheophytin (Fig. 5b, red) , spatially distributed in the parenchyma cells, which include the photosynthetically active chlorenchyma. In fact, pheophytin is a chlorophyll derivative involved in the electron transfer pathway of photosystem II.
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In addition to the above mentioned nutritional aspects, compounds such as lysophosphatidylcholine are essentially involved in plant health by functioning in the synthesis of phyto-oxylipins which comprise, for example, antifungal peptides and defense-signaling molecules. 59 
Wheat stem base
As the gateway from below-to above-ground plant parts, the stem base is a neuralgic point for the spread of soil-borne pathogens into the upper plant organs. 60 The stem base of wheat seedlings has a relatively high water content compared to seed or rachis. Thus, a faster freezing method was obtained by using a coolant mixture of dry ice and hexane. The diameter of a stem base is relatively small for a low spatial resolution measurement. Therefore, a 5 µm step size was selected for MS imaging. As examples, the optical image (Fig. 6a) is well correlated with the ion image, where a polyphenol glycoside was mapped specifically to the leaf sheath (Fig. 6b, red) , while a phospholipid was enriched in the stem tissue (Fig. 6b, green) . Similarly to the lysophosphatidylcholine reported from the rachis, phosphatidylcholines are involved in the synthesis of phyto-oxylipins such as jasmonates 59 which are currently discussed as essential signaling molecules in wheat defences against F. graminearum. 61 Changes in these phospholipids occur at the site of fungal infection, since they are rapidly formed in response to pathogen attacks, which makes them useful markers for induced resistance. 62 Therefore, spatial distributions in diseased tissues could facilitate the identification of resistance-related lipids. 
Plant roots
Roots remained largely unexplored for quite a long time. 63 The soil micro-flora living directly at the surface or within roots facilitates pathogenic interactions and cooperative interactions. The latter improve nutrient uptake, stress resistance and yield performance. 64 Root development and physiology are highly flexible in changing environments. However, the chemical signaling behind these changes, as well as behind the root-microbe interactions is largely unknown. 65 With this background, roots represent an important target for an MS imaging application. The first studies towards a procedure that meets the specific requirements of roots, have been conducted on in vitro-grown roots of wheat, barley and rice. Cereals have a fibrous system of thin seminal roots with a typically high water content and fragile structure, which are characteristics that challenge the preparation of tissue sections. The CMC embedding and sectioning in a cryomicrotome as described for the aerial plant parts was not successful for root tissue. The large vacuole in the root cell caused the cells to rupture due to the change in temperature (during the thawing process). Thin and uniform root cross sections were only obtainable with a common shaving blade.
Seminal root tissues were found to be generally very fragile, and the structural integrity was easily lost. While rice root sections were on average 0.8 mm in diameter, wheat and barley root sections were not more than 0.5 mm in diameter. In the case of rice roots, it was possible to generate cross sections that were appropriate for MS imaging measurements (Fig. 7a) , for wheat and barley the limiting factor was a high fragility together with a low diameter, which, therefore, hampers the preparation of cross sections with sufficient quality. Consequently, the MS imaging measurements resulted in low quality ion images, which were not suitable for finescale metabolite localization. However, we were able to image a cross section from the elongation zone of seminal rice roots, which had a diameter (ca. 500 µm) similar to wheat and barley roots (Fig. S11 †) . This is most likely related to the fact that root cells in this zone are in the state of elongation, and their vacuoles are less filled with water, leading to a more stable tissue structure.
The optical image of a rice root shows the main compartments: root hair, epidermis, cortex, endodermis, and stele containing the vascular bundles and metaxylem vessels (Fig. 7a) . The example MS imaging measurement demonstrates the finescale localization of a penta-hexose carbohydrate in the root cortex (Fig. 7b, red) , and of a phosphatidylcholine mapped to the epidermis and the central stele with a specific absence from metaxylem vessels (Fig. 7b, green) . The detected hexose is likely part of the carbohydrate reserves in the root cortex. The carbon metabolism generally represents an essential sinksource interaction, in which root and shoot growth influence each other mutually. Consequently, the carbohydrate translocation from leaves and their storage in roots are very sensitive to stress, management practices and root-microbe interactions. Decreased root reserves are known to profoundly affect plant performance. 66, 67 Thus, carbon use and sugar signaling are of high scientific interest and represent a good example for the applicability of a plant metabolome atlas.
Markers for Fusarium infection
In cereal crops, F. graminearum (Fg) is a major agent of fungal diseases which causes severe yield reductions and quality deterioration, especially due to mycotoxin accumulation in seeds which are toxic to farm animals and humans. 68 Both the healthy and infected wheat seeds have a low moisture content (<20%). An infected wheat seed demonstrates the characteristic weight reduction, shriveled and light-brown appearance due to colonization by Fg 69 as shown in the photographic ( Fig. 8a and d ) and microscopic images ( Fig. 8b and e) . The characteristic low moisture content in healthy wheat seeds and additionally the substantial disease-related physical changes represent a specific challenge for the preparation of thin uniform sections from wheat seeds. To overcome this intrinsic problem, a tape-based method 70 was adapted, which assists the generation of thin complete sections from hard specimens. A specially prepared adhesive tape, functioning at low temperatures, was attached to the cut surface of the sample to support the sectioning. The seed, surrounded by CMC as a block, was formed by freezing CMC in a mold using a cooling mixture. For a comparative MS imaging, healthy and diseased seeds of the highly Fusarium head blight (FHB) susceptible wheat cultivar Florence-Aurore were used. The overlay ion images of a healthy (Fig. 8c) and an infected wheat bran (Fig. 8f ) show uniform distributions of a tetrahexose metabolite in the endosperm (Fig. 8f, red) . However, several compounds were specifically detected in the bran of the infected seed, e.g. 4-(trimethylammonio)but-2-enoate (Fig. 8f, green) . This distribution indicates a relationship with the pathogen infection since Fg preferably colonizes this peripheral tissue in mature seeds. 71 The localization of Fg in this particular sample was confirmed by fluorescence microscopy (Fig. S12 †) . The chemical identity of the fungus-related metabolite (4-(trimethylammonio)but-2-enoate) was confirmed by MS/MS analysis (Fig. S13f †) . MALDI MS spectra of Fg hyphae also resulted in the same metabolite signals (Fig. S13e †) . In addition, a carnitine metabolite was detected in the infected wheat bran (Fig. S13a and b † ) and in fungal hyphae (Fig. S13e †) . Both metabolites are a result of the carnitine metabolism, which is quite similar in plants and fungi. However, they were identified from hyphae in planta (diseased wheat seeds) and from hyphae in vitro (culture medium). This indicates a fungal origin and thus, both were denoted as pathogenesis-related metabolites. As demonstrated here, MS imaging can be applied to detect candidates for pathogenesis-related metabolites solely by their spatial distribution within the infected parts of a tissue. Such "biomarkers" could be applied to visualize unknown sites of host-pathogen interactions. The few available metabolomic studies on interactions between biotic stressors and plants have already demonstrated that those metabolic processes are highly specific for a given tissue, species and pathosystem. Therefore, it is conceivable that untargeted MS visualization of metabolomic plant-pathogen interactions will lead to new insights into chemical plant defense mechanisms.
Experimental
Detailed information on chemicals and origin of plant material can be found in the ESI, Methods S1, and Methods S2, † respectively.
Sample preparation for MALDI imaging
We optimized sectioning procedures like embedding in different media, snapshot freezing, use of adhesive tape and manual sectioning to obtain thin uniform sections. For cryosectioning, water (ice) was used as an adhesive to hold the specimen on a sample holder of a cryomicrotome (HM 525 cryostat, Thermo Scientific, Dreieich, Germany). Sections of 10-20 µm thickness were cut at −15 to −25°C. The sections were thaw-mounted on microscope glass slides (75 × 25 × 1 mm), which were stored at −80°C until analysis. Prior to matrix application, sections were brought to room temperature in a desiccator to avoid condensation of humidity on the sample surface. An Olympus BX-41 (Olympus Europa GmbH, Hamburg, Germany) microscope was used to capture optical images of the sections before and after matrix application. in acetone : water (50 : 50, v/v)) was sprayed with a pneumatic sprayer. 72 Specific details on sample preparation for individual specimen are given in section 3.3.
Instrumentation for MALDI imaging
Highly resolved mass spectra were generated with a Fourier transform orbital trapping mass spectrometer (Exactive or Q Exactive, Thermo Fisher Scientific GmbH, Bremen, Germany) coupled to an atmospheric-pressure scanningmicroprobe matrix assisted laser desorption/ionization imaging source (AP-SMALDI10, TransMIT GmbH, Giessen, Germany). 29, 73 For desorption/ionization of the analyte a nitrogen laser (LTB MNL-106, LTB, Berlin, Germany) with a repetition rate of 60 Hz and wavelength of 337 nm was used. The laser beam was focused perpendicular to the sample to a laser ablation spot size of 5 µm. The samples were scanned with 5 to 25 µm step size and the target voltage was set to 4.3 kV. The mass spectrometer was operated in positive ion/ negative ion mode and spectra were scanned in different massto-charge (m/z) ranges and mass resolutions (R), with m/z = 100-1500 and R = 50 000 to 140 000 respectively. Automatic gain control was disabled and the ion injection time was set to 500 ms. Internal calibration was achieved by using lock masses from matrix clusters. The cycle time for one pixel at 140 000 resolving power was 1.3 s. A detailed description of the measurement parameters for each sample is given below.
Experimental details for individual specimen
Oil seed rapeseed. Seeds are embedded in 4% (w/v) carboxymethyl cellulose (CMC) solution. Initially, seeds were kept in Tissue-Tek® molds (15 × 15 × 5 mm) and the CMC solution was poured to embed the seeds. To remove air bubbles, the filled mold was initially kept at −20°C for 20 minutes, and thereafter transferred to −80°C for 50 to 60 minutes, to form a solid block. These blocks were transferred to a cryomicrotome at −20°C to obtain thin tissue sections of 20 µm thickness of oilseed rape at the germination and maturation stage (Fig. 1a  and b) . MS images for the germinating seed were obtained at a pixel size of 10 µm with 225 × 357 pixels (Fig. 1c and e) . For the mature seed, MS images were obtained at a pixel size of 25 µm with 100 × 120 pixels ( Fig. 1d and f ) . In both experiments, mass spectra were obtained with the resolution of the mass spectrometer set to 50 000 @ m/z 200 for a mass range of m/z 150-1000 in positive ion mode.
Wheat seed. In contrast to oilseed rape, wheat seeds were directly mounted without embedding in the cryomicrotome, enabling tissue section preparation by direct cryosectioning at −25°C to obtain a 20 µm thick tissue section (Fig. 3a) . For MS imaging measurements, an area of 1600 × 900 µm 2 (320 × 180 pixels) was scanned with a pixel size of 5 µm (Fig. 3b) . The mass spectrometer was set to a resolution of 70 000 @ m/z 200 for a mass range of m/z 400-1000 in positive ion mode. For the negative ion mode measurement, an area of 2250 × 2250 µm 2 (150 × 150 pixels) was scanned with a pixel size of 15 µm (Fig. 4b) . The mass spectrometer was set to a resolution of 100 000 @ m/z 200 for a mass range of m/z 200-1000. Wheat spike rachis. The spike rachis was fixed inside the tragacanth paste 15% (w/v) and subsequently stored at −80°C for 30 min to obtain a solid block. The cryomicrotome was used to obtain sections of 10 µm thickness at −15°C (Fig. 5a ). After application of the matrix, an area of 2400 × 1000 µm 2 (240 × 100 pixels) was scanned with a step size of 10 µm (Fig. 5b) . The mass spectrometer was set to a resolution of 100 000 @ m/z 200 for a mass range of m/z 100-1000 in positive ion mode.
Wheat stem. Prior to sectioning, the stem base was frozen in a 4% (w/v) CMC solution by using a coolant mixer for faster freezing (dry ice and hexane) due to the high water content. After snap freezing, the CMC block was transferred to the cryo- stat for sectioning, and sections of 20 µm thickness were obtained at −20°C (Fig. 6a) , scanning an area of 1150 × 1050 µm 2 (230 × 210 pixels) with a step size of 10 µm (Fig. 6b) . The mass spectrometer was set to a resolution of 70 000 @ m/z 200 for a mass range of m/z 250-1000 in positive ion mode. Rice roots. Root cross sections were taken from the maturation zone of seminal roots. A common shaving blade was used to obtain thin sections. Thereby, a root was held in between a halved Styrofoam®, and afterwards the blade was moved from top to bottom tangential to the Styrofoam®. The obtained thin section was placed on a glass slide (Fig. 7a) . MS imaging analysis on root sections was performed in an area of 1100 × 1200 µm 2 (110 × 120 pixels) with a 10 µm step size (Fig. 7b) . The mass spectrometer was set to a resolution of 50 000 @ m/z 200 for a mass range of m/z 100-1200 in positive ion mode.
Fusarium graminearum infected wheat seed. Wheat seeds were embedded in a 4% CMC solution followed by snap freezing using a coolant mixture (dry ice and hexane). Subsequently, the block was placed in a cryomicrotome sample holder. Tissue sections of 20 µm thickness were obtained at −20°C. The adhesive tape was kept over the trimmed sample. Then a uniform smooth surface was used to give light pressure so that the adhesive tape sticks to the surface of the sample. Then a twister was used to hold the tape while the cryomicrotome blade was slowly moved to obtain the tissue section on the adhesive tape ( Fig. 8b and e) . Then the adhesive tape with the section was fixed on a glass slide, using a double-sided tape. A matrix was applied on the tissue while the sample was attached to the adhesive tape. In the case of the healthy wheat seed, an area of 4100 × 3400 µm 2 (205 × 170 pixels) was scanned with a step size of 20 µm (Fig. 8c) . In the case of the infected seed, which is comparatively smaller in dimension, a step size of 15 µm was used (Fig. 8f ) . In both cases, the mass resolution was set at 100 000 @ m/z 200 for a mass range of m/z 100-1000 in positive ion mode.
Data processing and image generation
Ion images of selected m/z values were generated using the inhouse developed MIRION software package 74 with a m/z bin width of Δm/z = ± 5 ppm. The ion images were normalized to the highest intensity for each ion species separately. RGB images of three different m/z values were overlaid and demonstrated simultaneously. Other data processing steps like interpolation, smoothing or normalization to the matrix signals were not needed and were not applied during the image generation process. The MS images in ESI, Fig. S6 and Fig S7, † were generated by converting the raw files from the Orbitrap instrument to the imzML format. 75 Images were then generated with an MSiReader version 0.04 76 in the batch processing option, based on a predefined theoretical m/z value list. Mass accuracies for Table S1 † were calculated by 77 using intensityweighted average values from all spectra of one image. Literature and METLIN search was used to identify compounds. The compounds were identified using high mass accuracy (<2 ppm). For subsequent biological interpretation, annotated metabolites were assigned to appropriate metabolome categories and pathways by consulting the web applications, KEGG Pathway Maps, 78 MetaCyc Pathway, 79 and LIPID MAPS. 80 
Conclusions
In this study, we present an approach for MS imaging of plant metabolites that cover multiple mono-and dicot species, major plant organs and a wide variety of compound classes. The results were in excellent agreement with previous reports including bulk sample MS studies and in addition provided new information on the detailed spatial distribution of important plant metabolites. In contrast to classical imaging methods, the analytes in MS imaging do not have to be known upfront. All presented MS imaging measurements are based on accurate mass determination (mass accuracy better than 2 ppm) for reliable identification, and were performed at 5 to 25 µm pixel size in order to visualize small spatial features. Previous MS imaging studies of plants were limited to a selected organ in a particular species and focused on a certain compound class. In order to cover a wider range of plant organs, we optimized different preparation methods, which were designed according to the physicochemical properties of the varying plant organs and tissues. Fig. 9 summarizes the results presented in this manuscript and also includes additional plant tissues (distal root, leaf and stem) which are discussed in the ESI (Fig. S11, S14 and S15 †). This demonstrates that MS imaging is now applicable to the entire plant from head to roots. It covers all the plant organs with relevance for current and future studies towards a comprehensive understanding of physiological and molecular mechanisms behind complex traits and environmental adaptations. One application is to investigate the changes in metabolites during plant development as shown for mature and germinating seeds of oilseed rape. The detailed localization of more than 90 compounds allowed assignments to certain metabolic processes and the first clues to functions in plant tissues. The wide range of analyzed compounds also enabled us to describe metabolic pathways, as demonstrated for example by the hitherto unseen spatio-temporal distributions of 22 phenylpropanoids representing a metabolomic network associated with sinapate esters which is considered a major component of oilseed rape meal quality.
The 'untargeted' nature of MS imaging allows the detection of marker compounds for a specific physiological status, for example to investigate or predict the quality of plant-pathogen interactions. For Fusarium head blight, one of the most devastating diseases affecting grain crops, fungus-specific compounds were detected in the infected wheat seeds and their distribution matched with florescence labeling.
These examples demonstrate the wealth of information that can be obtained from high resolution MS imaging of plant metabolites. If this approach is combined with the classical LC-MS/MS approaches and applied on a larger scale it could be used to build up an inventory of the plant metabolome. The long-term goal would be to establish a plant metabolome atlas for different species similar to the human proteome atlas 81 or the Drosophila melanogaster metabolome atlas. 82 Similar to the insect field, the first step would be to establish a metabolome atlas for selected species, e.g. wheat as an important crop plant and Arabidopsis thaliana as a frequently used plant model. The initial generation of a baseline tissue map as initiated with the presented study would be an important step in this direction. Metabolites are the end products of cellular processes and therefore, can provide comprehensive information on a plant's physiological status. Therefore an atlas of biochemical networks can lead to novel insights into metabolic capacities of cells, 83 or can be used as reference for profiling studies. For example, in pathogen-interaction studies MS imaging data from the infected plants (as shown in section 2.6) could be compared with the atlas data to identify compounds which are specific for this plant physiological status.
In general this kind of information can be used as a reference to investigate systemic and local effects of stress (biotic or abiotic), developmental stages as well as wildtype/genotype studies. In addition, the distribution of these markers could give a first indication about their functional role. Therefore the authors are convinced that high resolution MS imaging will provide new valuable insights into many areas of plant research in the future.
